ABSTRACT Four mitochondrial (cytrochrome oxidase I) haplotypes of the potato psyllid, Bactericera cockerelli (Šulc) (Hemiptera: Triozidae), have been identified in North America: western, central, northwestern, and southwestern. A recent study found that females of the northwestern haplotype mated by males of the western or central haplotypes failed to produce viable eggs. Our goal was to determine whether these patterns in reproductive incompatibility are associated with differences among haplotypes in the presence of cytoplasmic incompatibility-inducing bacteria, Wolbachia or Cardinium. Polymerase chain reaction (PCR) revealed that psyllids of the western and central haplotypes were both simultaneously infected with two strains of Wolbachia, but Wolbachia was not detected in psyllids of the northwestern haplotype. PCR using archived DNA from field-collected psyllids confirmed patterns in Wolbachia infection among the western, central, and northwestern haplotypes, and also indicated that Wolbachia was not detectable in psyllids of the southwestern haplotype, which were not available for the mating studies. Cardinium was not detected in psyllids regardless of haplotype. These results provide evidence that differences in Wolbachia infection may be the cause of cytoplasmic incompatibilities among sympatric yet biologically distinct populations of B. cockerelli that have highly divergent mitochondrial haplotypes. This knowledge will improve the interpretation of studies to assess interactions and biological differences among B. cockerelli haplotypes.
Introduction
Bactericera cockerelli (Šulc) (Hemiptera: Triozidae) is a key pest of Solanaceous crops and a vector of Liberibacter, the pathogen that causes zebra chip disease of potato. Four distinct haplotypes of B. cockerelli have been identified in North America based on nucleotide differences in a 500-bp region of the cytrochrome oxidase I gene (CO1; Liu et al. 2006; Swisher et al. 2012 Swisher et al. , 2014a . These four haplotypes are named for the geographical regions of the United States from which they were first identified, and their 500-bp sequences of CO1 differ by as many as 18 single nucleotide sequences (Liu et al. 2006; Swisher et al. 2012 Swisher et al. , 2014a . The western and central haplotypes predominantly occur in western (California and Baja Mexico) and central (east of the Rocky Mountains) North America, respectively, whereas the northwestern haplotype has only been documented in the Pacific Northwest (Washington, Idaho, and Oregon; Liu et al. 2006; Swisher et al. 2012 Swisher et al. , 2013a Swisher et al. ,b,c, 2014a . The southwestern haplotype is less common than the other three haplotypes, and was first collected in New Mexico and Colorado (Swisher et al. 2014a,b) . Although the psyllid haplotypes are associated with different regions of North America, all four haplotypes have been collected from south-central Idaho (Swisher et al. 2014b) , and the western and northwestern haplotypes both occur in the Columbia River Valley of Washington and Oregon (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. ,b,c, 2014a .
Although still ambiguous, surveys of psyllids in the Pacific Northwest suggest that the mtDNA CO1 haplotypes are associated with distinct biological traits (Swisher et al. 2013c (Swisher et al. , 2014b . Psyllids of the northwestern haplotype overwinter on Solanum dulcamara L. (Solanales: Solanaceae) in the Pacific Northwest, but S. dulcamara does not appear to be an important overwintering host for psyllids of the western and central haplotypes in this region (Swisher et al. 2013b ). In fact, it is not known whether psyllids of the western and central haplotypes are capable of surviving winters in the Pacific Northwest, or if they seasonally disperse to this region from lower latitudes (Nelson et al. 2014) . During the summer when both S. dulcamara and potato (Solanum tuberosum L.) are available as hosts, psyllids of the northwestern haplotype occur in greater numbers on S. dulcamara than on potato, whereas psyllids of the western and central haplotypes occur in greater numbers on potato than on S. dulcamara (Swisher et al. 2013c (Swisher et al. , 2014b . Preliminary evidence also suggests that a greater proportion of wild psyllids of the western or central haplotypes than psyllids of the northwestern haplotype are infected with Liberibacter (Swisher et al. 2014b) .
A preliminary study to better understand the biological differences among haplotypes of B. cockerelli attempted to cross-mate psyllids of the western, central, and northwestern haplotypes (Mustafa 2014 ). An unexpected finding from that study was that females of the northwestern haplotype mated by males of either the western or central haplotypes failed to produce viable eggs. These observed patterns in reproductive incompatibilities among B. cockerelli haplotypes are similar to those resulting from embryonic cytoplasmic incompatibility induced by the bacterial endosymbionts Wolbachia and Cardinium in numerous other insect species (Stouthamer et al. 1999 , Duron et al. 2008 . Cytoplasmic incompatibility causes mortality of embryos produced by noninfected females mated by Wolbachia-or Cardinium-infected males, or by parents harboring different strains of Wolbachia (Stouthamer et al. 1999 , Duron et al. 2008 . In addition to causing reproductive incompatibilities, Wolbachia may alter other insect phenotypes including olfactory responsiveness to host plant volatiles or conspecifics (Koukou et al. 2006 , Peng et al. 2008 , supercooling capacity (Maes et al. 2012) , and immune responses to bacterial and viral pathogens (Frentiu et al. 2010 , Wong et al. 2011 .
To support studies on the biological differences among B. cockerelli haplotypes, the goal of our study was to determine whether mitochondrial haplotypes of B. cockerelli differ in Wolbachia or Cardinium infection status. Specific goals were 1) to determine whether patterns in reproductive incompatibility among haplotypes correlate with Wolbachia or Cardinium infection among parental adults, and 2) to screen field-collected psyllids of known haplotypes for the presence or absence of Wolbachia or Cardinium.
Materials and Methods
Reproductive Compatibilities Among B. cockerelli Haplotypes. Psyllids of the western, central, and northwestern haplotypes were obtained from insect colonies maintained at the U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS) in Wapato, WA. Psyllids of the western haplotype were originally collected from potato plants located in a greenhouse at the USDA-ARS in Albany, CA, in 2013, psyllids of the central haplotype were collected from fields of potato in Weslaco, TX, in 2010, and psyllids of the northwestern haplotype were collected from fields of potato near Prosser, WA, in 2012. The different haplotypes were kept in separate environmental control rooms maintained at 25 6 0.5 C with a photoperiod of 16:8 (L:D) h. Haplotypes of each colony were periodically confirmed using high-resolution melting (HRM) analyses of CO1 polymerase chain reaction (PCR) products (see Identification of B. cockerelli haplotypes). To obtain age-synchronized and unmated adults, a single late instar was transferred to each of the 100 excised potato leaves. The cut petiole of each leaf was placed in a 15-ml conical-bottom centrifuge tube filled with water. A 30-ml deli cup (Solo Cup Company, Lake Forest, IL) was glued to the top of the lid of each centrifuge tube, and a small hole through the bottom of the deli cup and lid of the centrifuge tube provided entry for the leaf petiole. Ventilation was provided by a mesh window in the deli cup lid. Thus, the cut petiole of each leaf was submersed in water and individual psyllids were confined to the leaf by the deli cup. Insects were used for mating experiments 7 d after adult eclosion to ensure that all psyllids were reproductively mature.
A single unmated female and unmated male of different haplotypes (Table 1) were aspirated into a 1-ml plastic pipette tip with the broad opening closed with cotton. About 2-3 mm of the apical end of the pipette tip was removed to allow entry of the psyllids, and the excised portion was inserted backward into the enlarged opening to confine the psyllids within the pipette tip. Each pair was observed until they mated, which usually began within 15 min after aspirating adults into the pipette tips. After the insects uncoupled (about 10-15 min after mating began), the male was stored in À20 C and the female was confined to an excised potato leaf with the cut end submersed in water, as described above. Each leaf was checked every 48 h for the presence of eggs, which were then counted. Females were stored in À20 C after ovipositing. Eggs were monitored every Monday, Wednesday, and Friday until they hatched or appeared desiccated and dark orange in color, indicating egg mortality. Nymphs were maintained on the leaves until they reached adulthood to determine the sex ratio of the offspring. The experiment was conducted twice (trial) with different cohorts of insects, and each trial included five mating pairs per cross. However, not all pairs mated and some females died before ovipositing. The total number of mating pairs from each haplotype-cross from which egg hatch was assessed is provided in Table 1 . Our goal was to investigate the role of cytoplasmic incompatibilityinducing bacteria on mating incompatibilities among specific haplotype crosses, and not to compare fertility among all possible haplotype mating combinations. Same haplotype crosses were, therefore, excluded from this study to simplify the experimental design.
In separate analyses, the proportion of hatched eggs to the total number of eggs and the proportion of male to female offspring were compared among haplotype crosses using logistic regression (PROC LOGISTIC of SAS 9.3; SAS Institute 2012, Cary, NC). Differences among means were compared using Wald's 95% confidence intervals.
PCR Diagnosis of Cytoplasmic IncompatibilityInducing Symbionts. B. cockerelli were assessed using PCR for the presence or absence of two bacterial endosymbionts that are known to induce cytoplasmic incompatibility in insects: Wolbachia and Cardinium. Samples included parental adults used in our mating trials, parental adults used in the preliminary mating study by Mustafa (2014) , and 10 adults (5 females and 5 males) collected directly from each haplotype-specific colony maintained at the USDA-ARS in Wapato, WA.
DNA was extracted from B. cockerelli used in the mating studies and from B. cockerelli obtained directly from the colonies using the cetyltrimethylammonium bromide (CTAB) method (Zhang et al. 1998) . The insects were ground in 500 ml of CTAB buffer using a micropestle in a 1.5-ml microfuge tube. The samples were incubated in 65 C for 30 min, and then maintained at room temperature for 3 min before adding 500 ml of ice-cold chloroform. After centrifugation at 16,000 Â g for 10 min, the aqueous layer was transferred to a 0.6 volume of isopropanol containing 1 ml of glycogen. Samples were held on ice for 20 min to precipitate DNA. After centrifugation at 16,000 Â g for 10 min, the resulting pellet was washed with ice-cold 70% ethanol, air-dried, and dissolved in 50 ml of nuclease-free water. Mustafa (2014) isolated DNA using the CTAB method from the parental adults used in their study to confirm the haplotype of each psyllid. The extracted DNA from those insects was obtained from cold storage (À20 C) to screen the adults for cytoplasmic incompatibility-inducing bacteria.
Initially, two different primer sets were used for detection of Wolbachia. The first primer set (Nachappa et al. 2011) , WB 16S F-GGC AGA CGG GTG AGT AAT GT and WB 16S R-AAG GGC CAT GAT GAC TTG AC, was used to amplify a 1,071-bp region of 16S under the following thermocycling conditions: 95 C for 2 min, then 40 cycles of 95 C for 20 s, 60 C for 10 s, and 72 C for 60 s, followed by a final incubation at 72 C for 15 min. The second primer set (Braig et al. 1998 ), Wsp81F-TGG TCC AAT AAG TGA TGA AGA AAC and Wsp691R-AAA AAT TAA ACG CTA CTC CA, was used to amplify a $600-bp outer membrane protein gene (wsp) from Wolbachia using PCR under the following thermocycling conditions: 95 C for 2 min, then 40 cycles of 95 C for 20 s, 55 C for 10 s, and 72 C for 35 s, followed by a final incubation at 72 C for 15 min. To detect the presence or absence of Cardinium, the primers CAR-sp-F-CGG CTT ATT AAG TCA GTT GTG AAA TCC TAG and Car-sp-R-TCC TTC CTC CCG CTT ACA CG were used to amplify a 544-bp region of 16S from Cardinium under the following conditions: 95 C for 2 min, then 40 cycles of 95 C for 20 s, 57 C for 10 s, and 72 C for 35 s, followed by a final incubation at 72 C for 15 min (Nakamura et al. 2009 (Nakamura et al. , 2012 . PCR was performed with Invitrogen Amplitaq Gold 360 PCR Master Mix (Invitrogen, Carlsbad, CA), and 250 nM each of forward and reverse primers. PCR products were observed on a 1% agarose gel stained with ethidium bromide.
PCR products from single insects from each colony were cloned and sequenced to confirm that the primers amplified the target genes without producing nontarget amplicons. PCR products that were excised from the gels were extracted and purified using GenElute minus EtBr spin columns (Sigma, St. Louis, MO). The purified PCR products were cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA) with TOP 10 Escherichia coli chemically competent cells. Plasmid DNA was extracted from the four selected bacterial colonies using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA), and the DNA clones were sequenced by the MC Laboratories (MC Lab, San Francisco, CA). The sequences were analyzed using the BLASTn (Altschul et al. 1990 ) function on the NCBI Web site (http://www.ncbi.nlm.nih.gov/). Samples that were confirmed to have Wolbachia were used as positive controls in PCR reactions to screen experimental insects for this symbiont, and samples from which Wolbachia was not detected were used as negative controls.
PCR Diagnosis of Cytoplasmic IncompatibilityInducing Symbionts From Wild B. cockerelli. Field-collected B. cockerelli of the western, central, northwestern, and southwestern haplotypes were tested for the presence or absence of Wolbachia and Cardinium, as described above. DNA that was previously isolated from field-collected psyllids (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. ,b,c, 2014a was obtained from cold storage (À20 C). DNA was isolated from all other psyllids using the CTAB method, as described above. The locations, dates, and original citations (when appropriate) of wild psyllid collections are provided in Table 2 .
Each insect from which Wolbachia was detected using 16S and wsp primers was screened for multiple strains of Wolbachia. Sequences of wsp obtained from colony insects were used to identify variable regions within this gene for designing strain-specific primers (Fig. 1) . Several primer sets for each strain were designed using the Primer3Plus software (Thornton and Basu 2011). Gradient PCR using annealing temperatures ranging from 53 to 63 C was performed for each primer set to determine the optimum PCR conditions. No-template and single primer controls were included for each primer set-temperature combination. Amplicons produced at 58 C were cloned and sequenced, as described above, to confirm the specificity of each primer set. Based on PCRs and product sequences, Wolbachia strain A was identified by amplifying a 188-bp region of the wsp gene using primers WolOMP1F-CTT TGA TTC CGC CAT CAT CTT TAG and WolOMP1R-TGT AAG CAA TCC TTT AGT AAC AGA G, and strain B was identified by amplifying a 185-bp region of this gene using primers WolOMP2F-ATA CCA GTA TCA TCG TTA GCT G and WolOMP2R-GCA TAT ATC AGC AAT CCT TCA AA. PCR was performed using Clontech Titanium Taq polymerase (Clontech, Mountain View, CA), 0.2 mM dNTPs, and 250 nM of forward and reverse primers under the following conditions: 94 C for 3 min, then 40 cycles of 94 C for 10 s, 58 C for 10 s, and 72 C for 30 s, followed by a final incubation at 72 C for 5 min. The presence or absence of PCR products were observed on a 1.5% agarose gel stained with ethidium bromide.
Identification of B. cockerelli Haplotypes. HRM analysis of CO1 amplicons (Swisher et al. 2012 (Swisher et al. , 2014a was used to confirm the haplotype of psyllids that were used in our mating studies. Samples from previously published analyses were used as controls for each haplotype (Swisher et al. 2012 (Swisher et al. , 2014a . For the field-collected samples, HRM was conducted on the LightCycler 480 and the raw fluorescent data were analyzed with the LightCycler 480 Gene Scanning software (Roche Applied Science) to generate the normalized melting curves and the melting peaks (Swisher et al. 2012 (Swisher et al. , 2014a . For psyllid samples obtained from colony sources, HRM was conducted on the ABI7900HT and the raw fluorescent data were analyzed with the HRM software (Applied Biosystems, Foster City, CA). For the amplification, the thermal profile included a holding stage at 95 C for 10 s, followed by 40 cycles at 95 C for 15 s and 60 C for 1 min. For the melt analysis, the thermal profile included a b Wolbachia was detected using PCR with primers for 16S and wsp, and both strain-specific primer sets.
denaturing step at 95 C for 10 s, an annealing step at 60 C for 1 min, a melting step at 95 C for 15 s with a 1% ramp rate, and a final annealing step at 60 C for 15 s. A 20-ll reaction volume was used consisting of 10 ll of 2Â MeltDoctor HRM Master Mix (Applied Biosystems), 0.5 ll of 20 lM forward and reverse primers, 7.4 ll nuclease-free water (HyPure Molecular Biology Grade Water, Thermo Scientific, Logan, UT) and 1.6 ll of DNA extract. The primer pairs used were the CO1 F3/CO1 meltR and the CO1 meltF/CO1 meltR primers (Swisher et al. 2012 (Swisher et al. , 2013a . Results obtained from the HRM analyses were confirmed by sequencing (MC Lab, San Francisco, CA) using the CO1 F3/CO1 R3 or CO1 F3/CO1 353R primers (Swisher et al. 2012 (Swisher et al. , 2013a , including nine samples of the central haplotype, nine samples of the western haplotype, and two samples of the northwestern haplotype. The haplotypes of field-collected insects were determined by HRM analysis or by sequencing, as described in the above and in the original citations provided in Table 2 .
Phylogenetic Relationships Among Psyllid Haplotypes. Phylogenetic divergence of mitochondria was compared among haplotypes using a 500-bp region of CO1 (accession numbers JQ708093-JQ708095 and KC305359) and a 1,197-bp region that included sequences for partial large subunit ribosomal RNA, complete rRNA-Val, and partial small subunit ribosomal RNA (GenBank accession numbers KF623535-KF623528; Swisher and Crosslin 2014). Both analyses were conducted using maximum composite likelihood model (Tamura et al. 2004 ) using MEGA6 (Tamura et al. 2013) . Assessing intrahaplotype variability in CO1 sequences was not an objective of our study, but sequences of each haplotype have been obtained in previously published and unpublished studies without indication that CO1 sequences vary within haplotypes (Swisher et al. 2012 ; 2013a,b,c; 
Results
Reproductive Compatibilities Among B. cockerelli Haplotypes. Logistic regression indicated significant differences in the proportion of viable offspring among mating pairs (Table 1 ; v 2 ¼ 121.0; df ¼ 5; P < 0.001). None of the females of the northwestern haplotype mated by males of the central haplotype produced eggs that hatched (Table 1) . Only two eggs hatched from females of the northwestern haplotype mated by males of the western haplotype ( Table 1) . Both of these eggs were from the same female, but the remaining 22 eggs from that female failed to hatch. Eggs that did not hatch appeared shriveled and desiccated after 1 wk. We observed significantly fewer living nymphs from females of the western haplotype mated by males of the central haplotype compared with the remaining three crosses (Table 1) . Eggs from these females appeared to hatch, but many of the early instars died. The sex ratio of offspring produced by the different paired combinations of psyllid haplotypes did not differ (F ¼ 1.1; df ¼ 3, 11; P ¼ 0.383). The proportion (6SE) of male to female offspring was 0.46 6 0.063, regardless of the haplotype cross.
PCR Diagnosis of Cytoplasmic IncompatibilityInducing Symbionts. The 16S primer set for Wolbachia (Nachappa et al. 2011 ) produced the expected 1,071-bp product, and sequencing this product confirmed its association with Wolbachia (GeneBank accession number KM267305). However, we occasionally observed a 1,109-bp amplicon produced by this primer set. DNA sequences of this 1,109-bp nontarget amplicon (GeneBank accession number KM267308) revealed 100% homology to Pseudomonas spp. Sequences of the wsp amplicon revealed that two distinct strains of Wolbachia were present in psyllids of both the western and central haplotypes (GeneBank accession numbers KM267306 and KM 267307). The wsp sequences of the two strains were $14% dissimilar (Fig. 1) . Both strains belong to the Wolbachia subgroup B. The wsp sequence obtained for strain A (KM267306) was 100% identical with 92% coverage to a strain previously identified from B. cockerelli (GeneBank accession number AY97191; Liu et al. 2006) , and was 98% similar with 100% coverage to sequences obtained from Tetranychus urticae Koch (GU014541.1), Pieris rapae (L.) (AB094372), Kerria lacca (Kerr) (JQ837254), and Aphis glycines Matsumura (EU916190). The wsp sequence obtained for strain B (KM267307) was 100% identical with 92% coverage from another strain previously identified from B. cockerelli (AY971950; Liu et al. 2006) , and was 98% similar to sequences reported for Wolbachia from numerous insects include the citrus psyllid, Diaphorina citri Kuwayama (GQ385975), the psyllid predators Orius spp. (AB094362 and AB094355), and parasitoids in the family Drynidae (GU289823).
PCR results obtained from the two primer sets (16S and wsp) were consistent; all samples that were positive for Wolbachia using the 16S primers were also positive for the wsp primers. Wolbachia infection from half of the insects from trial 1 could not be determined because of low quality of DNA; 27 psyllids of the western haplotype, 24 of the central haplotype, and 26 of the northwestern haplotype were tested for the presence of Wolbachia. All insects of the western and central haplotypes used in our mating experiment were infected with Wolbachia, but Wolbachia was not detected from adults of the northwestern haplotype (Table 1) . Adults collected directly from the colonies (10 per haplotype) or used in the preliminary mating study by Mustafa (2014; seven western, seven central, and eight northwestern) were similarly infected: insects of the western and central haplotypes, but not of the northwestern haplotype, were infected with Wolbachia. Cardinium was not detected in any of the psyllids, regardless of haplotype.
Cytoplasmic Incompatibility InducingSymbionts in Wild Psyllid Populations. Wolbachia was detected in 72% (13 of 18) of psyllids of the western haplotype and in 100% (17 of 17) of psyllids of the central haplotype using PCR, but was not detected in any of the psyllids of the northwestern (0 of 35) or southwestern (0 of 29) haplotypes (Table 2) . Sequences of $190-bp amplicons produced by the strain-specific primer sets (WolOMB1F/R and WolOMB2F/R) aligned within the original $600-bp sequences of wsp (Fig. 1) . Neither primer set produced nontarget amplicons (including the nontarget Wolbachia strain), and neither primer set produced amplicons from colony psyllids of the northwestern haplotype, which were not infected with Wolbachia. PCR using these strain-specific primers indicated that all wild insects from which Wolbachia was detected using primers for 16S and wsp were infected with both strains of Wolbachia (Table 2) . Cardinium was not detected in any of the fieldcollected psyllids, regardless of haplotype.
Phylogenetic Relationships Among Psyllid Haplotypes. Results from the phylogenetic analysis of haplotypes using the 500-bp region of CO1 were consistent with those obtained from analysis using the 1,197-bp region including rRNA-Val (Fig. 2) . Sequences of central and western haplotypes differed by 0.01%, but sequences from the northwestern and southwestern haplotype differed from those of the central haplotype by 3-5% and $1%, respectively (Fig. 2) . Results indicate that Wolbachia infection was associated with closely related psyllid haplotypes.
Discussion
Our results indicate that females of the northwestern haplotype mated by males of either the western or central haplotypes do not produce viable eggs, which is consistent with our preliminary studies (Mustafa 2014) . Dissections of mated females indicated that the reproductive incompatibilities among psyllid haplotypes were not because of a lack of sperm transfer (Mustafa 2014) . Because these observed patterns in reproductive incompatibility resembled those caused by cytoplasmic incompatibility-inducing endosymbionts, we screened the parental adults for the presence or absence of Wolbachia or Cardinium. Psyllids of the western and central haplotypes were both simultaneously infected with two strains of Wolbachia, but we did not detect Wolbachia from any of the parental adults of the northwestern haplotype. Although the primers used for the detection of Cardinium reportedly amplified a 544-bp region of 16S rDNA from this symbiont from taxonomically diverse arthropods (Nakamura et al. 2009 (Nakamura et al. , 2012 , we did not detect Cardinium in B. cockerelli, regardless of haplotype. These results provide evidence that differences in Wolbachia infection likely induce cytoplasmic incompatibilities in eggs from females of the northwestern haplotype mated by males of either the western or central haplotypes.
Psyllids used in the mating studies were reared continuously in culture. Because the prevalence of endosymbionts in colony insects is likely dependent on the presence of endosymbionts in the founder insects, we also screened field-collected psyllids of known haplotypes for the presence or absence of Wolbachia. The availability of archived DNA from field-collected B. cockerelli allowed us to examine psyllids collected over a wide geographic range and over several years. Results of Wolbachia infection of field-collected psyllids were identical to those of the colony insects used in the mating experiments. Wild psyllids of the western and central haplotypes were infected with Wolbachia, but Wolbachia was not detected from psyllids of the northwestern haplotype. Furthermore, PCR using strain-specific primers indicated that super-infection with both strains of Wolbachia is widespread among wild psyllids of the western and central haplotypes. Archived DNA from field-collected insects also allowed us to perform diagnostic PCR for cytoplasmic incompatibility-inducing symbionts on DNA extracted from psyllids of the much rarer southwestern haplotype, which were not available as live cultures for use in the mating experiments. We did not detect the presence of Wolbachia in psyllids of the southwestern haplotype.
Wolbachia-induced cytoplasmic incompatibility is well documented among numerous taxonomically diverse arthropods (Stouthamer et al. 1999 ), so our evidence supporting the induction of cytoplasmic incompatibility in B. cockerelli by Wolbachia is not surprising. The importance of our study lies instead in our finding that sympatric populations of B. cockerelli with divergent mitochondrial haplotypes (Fig. 2) differ in Wolbachia infection. Wolbachia-induced cytoplasmic incompatibility between B. cockerelli females of the northwestern haplotype and males of either the western and central haplotypes should give reproductive advantages to infected females of the western and central haplotypes (Frank 1998) . As both Wolbachia and CO1 are maternally inherited, the mitochondrial haplotypes of noninfected psyllids should be displaced by those of infected populations, as Wolbachia spreads through noninfected populations. Our results, which suggest that B. cockerelli of the northwestern and southwestern haplotypes maintain Wolbachia-free while being challenged by immigration of Wolbachiainfected psyllids, suggests that the northwestern and southwestern haplotypes are at least partially reproductively isolated from both local and immigrating psyllids of the western and central haplotypes.
Several scenarios, which are not mutually exclusive, may explain the association between divergent haplotypes of B. cockerelli and differences in Wolbachia infection. First, migrating psyllids of the western or central haplotypes may represent a small proportion of the overall psyllid populations in the Pacific Northwest or Colorado Plateau, allowing the coexistence of both Wolbachia-infected and noninfected psyllid populations (Fine 1978 , Frank 1998 ). Second, differences among haplotype-specific biology or behavior may reduce the probability of sympatric psyllids of different haplotypes from mating. Previous reports that psyllid haplotypes differ in their probability of using S. dulcamara as a host plant and in their overwintering abilities in the Pacific Northwest provide some evidence of sympatric isolation of psyllid haplotypes (Swisher et al. 2013c (Swisher et al. , 2014b Prager et al. 2014) . Although these biological differences among haplotypes may be genetically based, we cannot rule out the possibility that host plant preference and overwintering abilities by psyllids is altered by Wolbachia or some other endosymbiont (Koukou et al. 2006 , Peng et al. 2008 , Maes et al. 2012 . Lastly, the association between mitochondria haplotypes and Wolbachia infection may have resulted from the introgression of both Wolbachia infection status and the associated mitochondrial haplotype by hybridization with a closely related psyllid species. Interspecies hybridization has been suggested as an explanation for patterns in Wolbachia infection among divergent haplotypes of other insects (Whitworth et al. 2007 , Charlat et al. 2009 , Xiao et al. 2012 . If this were true for B. cockerelli, future studies on Bactericera spp. of North America should reveal a species with Wolbachia and a similar CO1 sequence to the western and central haplotypes, or a species without Wolbachia but with a similar CO1 sequence to the northwestern or southwestern haplotypes.
Our results may have important implications to the monitoring and control of B. cockerelli and Liberibacter, a pathogen transmitted by the psyllid that causes zebra chip disease of potato. Because B. cockerelli was not a threat in the Pacific Northwest before the outbreak of zebra chip disease in 2011, little is known about psyllid population growth, migration to potato fields, and probability of psyllids transmitting Liberibacter in this region. This lack of knowledge and uncertainty about the threat of this insect has led to growers relying largely on calendar-based insecticide applications directed at the psyllid. Our study contributes to the growing evidence (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. ,b,c, 2014a that "potato psyllid" is not a homogeneous classification, and that the northwestern haplotype may represent a population that is distinct from the western or central haplotypes. Furthermore, our results suggest that Wolbachia could have a role in divergence of B. cockerelli haplotypes (Telschow et al. 2002 (Telschow et al. , 2005 (Telschow et al. , 2007 . This information will aid interpretation of studies assessing the pest risk of B. cockerelli haplotypes in the Pacific Northwest.
